We probe the current-induced switching of insulating antiferromagnet/heavy metals systems, by electrical spin Hall magnetoresistance measurements and direct imaging, finding that it occurs by domain wall (DW) motion.
MANUSCRIPT
The electrical reading-out and writing of the antiferromagnetic state is crucial to exploit the properties of antiferromagnetic materials in future devices. This class of materials has the potential for ultrafast operation, [1] thanks to antiferromagnetic spin dynamics in the terahertz range, high packing density, due to the absence of stray magnetic fields, and stability due to insensitivity to external magnetic fields. [2, 3] Furthermore, lowpower operation is possible in antiferromagnetic insulators (AFM-Is) due to the long spin diffusion lengths [4] and the theoretical prediction of superfluid transport of spin currents. [5] Recently, it was demonstrated that electrical reading of the Néel vector (n) orientation in AFM-Is is possible via spin Hall magnetoresistance (SMR), [6] [7] [8] [9] [10] a magnetoresistive effect which depends on the mutual orientation of the magnetic order and an interfacial spin accumulation. However, one of the main challenges faced by AFM spintronics is the reliable electrical writing of the orientation of n. One possible approach relies on the staggered Néel spin orbit torques, [11] creating an effective field of opposite sign on each magnetic sublattice. However, these torques rely on special material requirements, which limited their application to the conducting AFMs CuMnAs and Mn2Au. [12] [13] [14] [15] [16] Another approach to reorient n is based on the non-staggered antidamping-like torque exerted by a spin accumulation at the interface of a heavy metal (HM) and an AFM-I. A charge current in the HM layer can generate a spin current flowing in the transverse direction via the spin Hall effect, creating antidamping-like torques in the antiferromagnet. The possibility of such switching was very recently demonstrated in NiO(001)/Pt and Pt/NiO(111)/Pt, [17, 18] where the readout was performed by SMR, but the mechanisms underlying the switching process are still debated. One of the possible mechanisms relies on the spin-current induced domain wall (DW) motion. [19] However, in this mechanism, DWs with opposite chirality are driven in opposite directions, thus excluding the electrical signature of the switching when DWs with opposite chirality are equiprobable. A second mechanism, [18] based on the coherent rotation of n, predicts a current threshold which is one order of magnitude larger than that found experimentally, and depends on the strain induced in a NiO layer grown on SrTiO3(001). A third mechanism, based on the fieldlike torque acting on uncompensated interfacial spins, requires perfectly flat interfaces, [17] so that currently there is no consistent explanation of the effect.
In this work we realize reliable current-induced switching in epitaxial antiferromagnetic NiO/Pt bilayers. We show that the magnetic state of the NiO can be switched for all strain states, crystallographic orientations and thicknesses at least up to 90 nm of NiO. By direct imaging of the current-induced switching, we unambiguously single out the role that the AFM DWs play. Two switching mechanisms are identified to play a role, either breaking the degeneracy of n with respect to the current density j or not. We attribute the degeneracy-breaking mechanism to a ponderomotive force, created by the anti-damping like torque, which displaces the DWs favoring domains with ∥ . A second non degeneracy-breaking switching mechanism stems from the torque directly acting on the DWs, locally inducing switching in different directions ( ∥ , ⊥ ). These two mechanisms occur in AFMs with depinning fields of the DWs lower than the anisotropy fields, which is the case in NiO and most AFM-Is. [9, 10] Finally, we reconcile previous contradicting reports [17, 18] with our results, highlighting the crucial role of thermal effects in current induced switching of AFMs.
To study switching in AFM-Is, we grew high quality epitaxial NiO(001)/Pt bilayers on MgO(001) and Hall cross devices were patterned by electron beam or optical lithography and subsequent Ar ion etching. For the SMR measurements, we applied a probing current density of ~10 9 A m -2 and the relative transverse resistance variation was calculated as
, where � is the average longitudinal resistance, V is the transverse voltage and I is the current, whose sign is reversed to eliminate thermal effect contributions.
We applied current pulses and performed the measurements 10 seconds later, to probe equilibrium conditions.
The switching characteristics of a 8 µm wide Hall cross device on a MgO(001)//NiO(5)/Pt(2) sample (all thickness in nm), obtained by changing the direction of the 1-ms long current pulses by 90° every five pulses is shown in Fig. 1c (a linear background was subtracted [20] ). The normalized transverse resistivity variation increases (decreases) after the application of current pulses along a direction at +45° (-45°) with respect to the measurement current direction. While the switching depends on the pulse current orientation, it does not significantly depend on the polarity, and the switched states are stable over several hours and distinguishable after days. ). This change of the signal has the same sign as reported for STO//NiO/Pt, [18] consistent with the read-out by spin Hall magnetoresistance of a final state ∥ , [7, 10] which implies that the degeneracy between the ∥ and ⊥ configurations is being broken. In Ref. [18] , this switching was attributed to the action of a spin-current induced antidamping-like torque acting in strained biaxial NiO(001), according to a macrospin model. However, the multi-level final state of the switching in contrast suggests that the switching comprises the redistribution of antiferromagnetic domains due to the motion of the DWs.
To check if the switching is enabled by the strain applied to the NiO, as previously claimed, [18] we grew additional NiO(001)/Pt bilayers on STO(001), comprising a lattice mismatch of -6.9% (compressive strain), and on MgO(001), where the lattice mismatch is +0.9% (tensile strain). In Fig. 2 , we show the switching amplitude as a function of current density after the application of four trains of 5 pulses 1 ms long with alternating current orientation. All transverse resistance curves are exponential above a current density threshold, [20] which is halved when the substrate is STO compared to MgO. Previously, switching on STO//NiO was attributed to the compressive strain, favoring in-plane biaxial anisotropy, while it was proposed that the tensile strain favors uniaxial out-of-plane anisotropy, thus preventing switching in MgO//NiO. [18] However, the model based on the uniaxial/biaxial magnetic anisotropy of the NiO does not consider the several different domain types observed in MgO//NiO(001), [10, 21] stemming from a complex non-uniaxial magnetic anisotropy, and we show here that switching on both substrates is possible, in contrast to Ref. [18] . To reveal the origin of the different threshold current density from MgO and STO, we consider the higher thermal conductivity of MgO (57 mW m
). [22] In both cases the current threshold corresponds to a temperature increase of 35±10 K, since pulses of equal current density lead to lower temperature variations in the NiO/Pt Hall crosses grown on MgO, as shown in the supplementary material.
[20]
We can thus attribute the different current density thresholds to the different heating of the systems rather than the different magnetic anisotropy. Note that the exponential increase of the transverse resistance above threshold [20] indicates a thermally activated switching process, as is the case for switching in conducting
AFMs [16] and AFM/FM bilayers, [23] and this is in contrast to ferromagnets, where the switching relies on the direct spin torque effect of the current. [24] Next, to probe if a different switching mechanism occurs in NiO(111), as reported in Pt/NiO/Pt trilayers, [17] we consider switching of NiO(111)/Pt on MgO(111), as shown in Fig. 2 implying that all the three systems considered here can be described by a universal theory.
To develop such a universal theory, we consider mechanisms based on the motion of AFM DWs. We start by the spin-current-induced dynamics of an antiferromagnetic texture comprising two homogeneous regions, the domains A and B, and the DW as depicted in Fig. 3 . The translational motion of the DW has the lowest activation energy (zero in the absence of pinning) among all possible types of magnetic excitations and can be considered as the main mechanism of spin-current induced dynamics in AFMs with non-zero anisotropy like
NiO. [9, 10] In this case, the DW dynamics follows the equation of motion of a point mass with momentum P: [25] = − + curr + pin , where is the effective damping, pin is a pinning force, and curr is the resulting force induced by the current, which comprises two components, as described below.
A charge current, flowing in the Pt layer with density , generates a damping-like spin-orbit torque (SOT)
, acting on . Here ℏ is the Planck constant, is the thickness of the active layer of antiferromagnet, 0< ≤ 1 is the spin-polarization efficiency, is the bulk spin Hall angle, is the electron charge, = | |. In a homogeneous state, this torque competes with the torque an = × an , created by the magnetic anisotropy field an , and can rotate n from an easy axis toward a new equilibrium direction + ∆ (Fig. 3a,b) . The virtual work produced by the SOT in such static rotation is associated with the potential energy density curr = ℏ (� × ) ⋅ ( × ∆ )/(2 ), i.e. the spin current acts like an additional magnetic anisotropy term which depends on of the domain: ma → ≡ ma + curr .
[20] The resulting energy imbalance between the two domains entails a force which drives the DW into the unfavorable domain. We call this force ponderomotive force pond = (
In a multidomain sample, pond breaks the degeneracy of the domains with different n and thus induces switching toward a state with ∥ , as we observe. Note that the thermally activated processes in our theory can be modelled as a temperature dependent pinning force , which decreases with increasing temperature.
To corroborate our model, we next check the role that the antiferromagnetic domains and DWs play in the switching mechanism. We performed x-ray magnetic linear dichroism photoemission electron microscopy (XMLD-PEEM) imaging of the NiO domains in NiO(001) samples grown at the same time as the ones for electrical measurements, while applying in-situ current pulses. The XMLD-PEEM images were acquired in a two energies mode at the Ni L2 edge double peak, [21] , is shown in Fig. 4a -c, together with the difference image. The lower pulse duration was used to avoid breakdown of the devices. One can see sub-µm sized antiferromagnetic domains that switch after the application of the pulse train. In particular, we observe switching having in-plane components in both directions ( ∥ , ⊥ ) for a single pulse direction below the current threshold found in electrical measurements. The switching mechanism observed here, not breaking the degeneracy between the ( ∥ , ⊥ ) states, is not explained by the existing antidamping-torque theory [18] , and it is not consistent with the symmetry of the ponderomotive force, thus calling for an additional theoretical explanation. As this second mechanism, we identify the SOT acting in inhomogeneous regions of the antiferromagnetic texture and inducing a coherent rotation of the spatially distributed n, i.e. leading to translational DW motion ( Fig. 3c ) induced by a force DW . This force, [19] (see
Overall, both mechanisms described above contribute to the current-induced force, so that one can write curr = pond + DW . The resulting curr acting on the DWs depends on the orientation of the current (spin polarization) with respect to the easy plane. If the current is almost parallel to the easy plane [NiO(111)], | DW |~| pond |, the motion of the DWs into energetically favorable domains can be partially or fully blocked for one chirality of the DWs, depending on the value of the pinning force (Fig. 3d) . The switching we find in NiO(111) , that results in a final state with ∥ , is consistent with our degeneracy-breaking mechanism based on the ponderomotive force pond . Note that DW , not breaking the degeneracy ( ∥ , ⊥ ), is not expected to lead to an electrical signal. This is distinctly different from the mechanism proposed in Ref. [17] for Pt/NiO(111)/Pt trilayers, based on the field-like torque acting on the uncompensated spins at the interface, which are unlikely to form in extended areas of our devices with not atomically flat interfaces. The lower current threshold that we find in NiO(111) compared to NiO(001) can be explained by the lower pinning force that is found in this NiO orientation, due to the expected lower magnetostriction compared to NiO(001). [9, 10] In the case of a pronounced angle between the easy plane and the film plane [NiO(001)], the system exhibits | DW | ≫ | pond |, and local switching in both directions (A to B or B to A) is possible. This is consistent with the direct observation by XMLD-PEEM of switching into different final states ( ∥ and ⊥ ) at 7.5x10 11 A m -2 (below the electrically determined threshold) in NiO(001). The effect of DW explains why switching can be observed locally for current densities lower than those needed to obtain an electrical response, besides the lowering of the threshold induced by heating from the x-ray beam and the sample being in vacuum, [20, 26] which is balanced by the shorter pulse duration (10 µs) used. Antiferromagnetic DW motion induced by thermal gradients might also play a role in the switching process and also leads to different final states ( ∥ and ⊥ ). [27, 28] However, at higher current densities pond ∝ 2 prevails over DW ∝ , as shown in Fig.   3d , and drives the amplitude of the electrical response regardless of the NiO orientation.
We finally discuss the thickness dependence shown in . Surprisingly, the current density and switching behaviors do not strongly and monotonically depend on the NiO(001) layer thickness up to a thickness of 90 nm, which is far beyond the highest spin-orbit torque switchable thickness reported in ferromagnetic Tm3Fe5O12(8 nm)/Pt. [29] This allows us to speculate that the switching in NiO occurs in the interfacial region close to the Pt layer, i.e. the formation of surface domains in antiferromagnets is easier compared to ferromagnetic systems, due to the stronger destressing effects and the presence of dislocations at the surface. [30] These surface domains can be as small as the effective spin diffusion length of the NiO, [31] of the order of few nm, [32] 
Growth of epitaxial NiO thin films and structural characterization
We grew high quality epitaxial NiO(001) thin films on 0. (001) substrate, while the vertically aligned minor peaks are Laue oscillations, further evidencing the crystallinity of the samples. We also show in Fig. S1d the XRD curves of NiO(111)/Pt bilayers, where the NiO(111) peak can be seen at 37.34° in the sample comprising a 25 nm thick NiO layer. Finally, we compare the XRD patterns of NiO(001) layers 25 nm thick grown on MgO(001) and STO(001). One can see that the NiO layer grown on MgO(001) presents a peak corresponding to a lattice constant of 4.166 Å, while the NiO layer grown on STO(001) (substrate lattice constant 3.905 Å) [2] presents an out-of plane lattice constant equal to 4.192 Å, higher than the bulk value, as it is expected due to the compressive in-plane strain experienced by the NiO layer.
Figure S1: (a) 2θ-ω x-ray diffraction scans of NiO(d)/Pt(2) thin films grown on MgO(001) substrates. (b) symmetric reciprocal space map (RSM) measurements around the MgO(002) peak. (c) antisymmetric RSM measurements around the MgO(113) peak. (d) 2θ-ω x-ray diffraction scans of MgO(111)//NiO(d)/Pt(2) samples. (e) 2θ-ω x-ray diffraction scans of NiO(d)/Pt(2) thin films grown on STO(001) substrates.

Switching data and background subtraction
The raw switching data of a MgO//NiO(10)/Pt(2) sample, where a Hall cross 11 µm wide was patterned, are shown in Fig. S2a , using the same pulse configurations as in Fig. 2 of the main text, with different current flow directions (±45°), alternated every 5 pulses. A measurement current of density ~10 9 A/m 2 was applied by a Keithley 2400, while acquiring the transverse voltage by a Keithley 2182A nanovoltmeter, as shown in Fig. 1b of the main text. Current pulses were applied by a Keithley 6221 AC/DC current source both for the electrical measurements (in ambient air at room temperature) and the imaging. The electrical measurements were performed in ambient air at room temperature, measuring the transverse resistance 10 s after the pulse. As one can see, both a symmetric (not depending on the pulse orientation) and antisymmetric switching components (depending on the pulse orientation) exist. The same data in Fig. S2a , after subtraction of the symmetric component of the switching (subtraction of a straight line to each set of 20 pulses), are presented in Fig. S2b . The origin of the antisymmetric switching component is extensively described in the main text. The origin of the symmetric switching component is at the moment not clear, but possibly depends on the geometry of the device and pulsing configuration used, where the current pulses sent at +45° and -45° have one arm in common, so that the current orientation in the region close to this arm is similar for the two pulse types. Moreover, from these data, one can see that the antisymmetric switching amplitude decreases versus the number of applied pulses, at a fixed current density, i.e. the device efficiency decreases. We attribute this effect to the switching at the corners of the cross, as was discussed for the switching of Mn 2Au, [3] since the current flows always in the same direction close to the corners, even when one changes the configuration between the +45° and -45° pulses. Due to the type of devices used, it is 
Exponential increase of the switching amplitude around threshold
To show clearly the dependence of the switching amplitude with respect to the current density around the threshold current density, we present in Fig. S3 the same MgO//NiO(5)/Pt(2) nm data shown in Fig. 2 Orientation dependence of the switching and equivalence of the "2 arms" and "4 arms" pulsing configurations
The orientation dependence of the switching and the equivalence between the "2 arms" pulsing configuration used in this study and the previously reported "4 arms" configuration, [4] are shown in Fig ) in the "2 arms" configuration. The current density was calculated by taking into account the increased cross sectional area by a √2 factor when the "4 arms" configuration is used (diagonal of the cross), with respect to the "2 arms" configuration. This is also reflected in the current density threshold in the two configurations, which we experimentally find to be the same only if we take into account the √2 factor. As one can see in Fig. S4 , the switching sign and amplitude are predominantly defined by the orientation of the current, while the current polarity has no significant effect. Moreover, the pulsing configuration comprising 2 or 4 arms gives similar switching patterns. The slightly different amplitudes obtained by switching the current polarity are not easily comparable at this stage, due to the difficulty of defining a reproducible initial state, so that further study is required to fully understand if the current polarity plays an actually relevant role at all in the switching. Moreover, the two configurations seem equally efficient, if one considers that the higher transverse resistivity variation obtained in the 4 arms configurations uses a pulse energy which is approximately twice as large as the one used in the "2 arms" configuration. We also tested crosses rotated by 45° with respect to the substrate (001) direction and found consistent results.
Stability of the switched states
The stability of the switched states was tested after the application of 5 pulses at +45° and 5 pulses applied in the -45° direction in a MgO//NiO(5)/Pt(2) sample patterned with a Hall cross 8 µm wide, as shown in Fig.  S5 . The square pulses comprised a current density equal to 1.1x10 12 A m -2
, pulse width 1 ms, and time separation between two pulses in the pulse train equal to 10 s, to allow the sample to cool down and avoid thermal breakdown. The transverse resistance measurements were acquired approximately every 7 s. As one can see from Fig. S5 , a slow relaxation process occurs on the time scale of hours. However, clearly distinguishable transverse resistance states are found even days after the application of pulses of different orientation.
Current density threshold relation to heating effects
In order to understand why different substrates show different current density thresholds, we monitored the device resistance during the pulse application by means of an Agilent DSO6014A oscilloscope for a NiO(5)/Pt(2) sample grown on STO and patterned with a Hall cross 10 µm wide, and a NiO(90)/Pt(2) sample grown on MgO and patterned with a Hall cross 11 µm wide. First, we estimated the slope of the R vs T curve of the patterned devices, by measuring the resistance in a cryogenic environment in the temperature range 200 K -300 K. Note that the resistance of the Pt is linear as a function of temperature for a wide temperature range around room temperature as confirmed by our measurements in the cryostat, so that the temperature variation is related to the relative resistance variation using the equation ∆ = ∆ / , even above the studied temperature range. After this R vs T calibration, we moved the sample to ambient temperature and we applied several series of 1 ms-long pulses with alternated current orientation every 5 pulses (±45°), increasing the current density every 20 pulses until the breakdown of the devices. By using a Keithley 6221 current source, allowing to set the pulse current to a desired value, the voltage measured by the oscilloscope is proportional to the resistance. By looking at the voltage at the pulse start and voltage at the pulse end, we were able to estimate the average temperature increase during the pulses, via the equation
. A voltage reducer made by two 1 MΩ resistor in series was connected in parallel to the sample in the case of the MgO sample, since the voltage exceeded the oscilloscope dynamic limit of 40 V, while connecting the oscilloscope in parallel to one of the two resistors. The results of this study are shown in Fig. S6 . The heating of the samples grown on MgO(001) and STO(001) substrates is very different, with a much lower temperature increase when the samples are grown on MgO substrates, as resulting from the higher thermal conductivity of MgO, equal to 57 mW m −1 K −1 compared to STO, whose conductivity is 11 mW m
.
[5] This is reflected in the different current threshold densities of the switching (about 5x10 11 A m -2 for the sample grown on STO and 9x10
11
A m -2 for the sample grown on MgO), both occurring approximately when the temperature increase is equal to 35 ± 10 K. For both samples the breakdown of the devices occurred after the last point shown, i.e. at higher current density on MgO samples. This additionally confirms the lower heating experienced by samples grown on MgO substrates compared to samples grown on the STO for identical current densities.
Theoretical model
In this Section we derive the effective equation of motion for the domain walls in the presence of a spinpolarized current. We consider a compensated collinear antiferromagnet with two magnetic sublattices 1 and 2 , whose magnetic state is fully described by the Néel vector = 1 − 2 ( | 1 | = | 2 | = /2 ). We assume that the magnetic anisotropy of the antiferromagnet is of an easy-plane type. In the absence of an applied current, an equilibrium state is represented by the equivalent domains with noncollinear Néel vectors A , B , etc (see Fig. 3a of the main text). We further assume that the domain walls separating domains A and B are of the Néel type (i.e. the Néel vector inside the domain wall rotates within the plane { A , B }).
The spin current is induced via the spin-Hall effect in the Pt electrode. We characterize the spin current with the vector of spin polarization (| | = 1) and constant curr which are related with the current density as follows:
where ℏ is the Planck constant, AF is the thickness of the active layer of antiferromagnet, 0 < ≤ 1 is the spin-polarization efficiency, is the bulk spin Hall angle, is the electron charge. The axis ̂ is directed along the film normal and, in the general case, it is different from the magnetic hard axis ̂.
The dynamics of the Néel vector in the presence of a spin current is described by the equation: [6, 7] 
where is the gyromagnetic ratio, is the Gilbert damping constant, ex is the intersublattice exchange field that keeps the vectors 1 and 2 antiparallel, is the velocity of the long-wavelength magnons. The effective field ≡ − ma / , where ma is the energy density of the magnetocrystalline anisotropy, whose explicit expression depends on the symmetry.
Current-induced contribution into the effective magnetic anisotropy
We start from the analysis of the equilibrium homogeneous states in the presence of a current. From Eq. (2) it follows that the equilibrium orientation of the Néel vector is defined by the competition of two torques, the current-induced torque curr = curr × ( × ), and the torque an = × created by the magnetic anisotropy field (see also Fig.  3a,b of the main text) . The spin current can thus induce a static rotation of the Néel vector from the initial state (0) (in the absence of current) to a new state (0) + ∆ . Such a rotation is reversible and can be associated with a potential energy of rotation. To find an explicit expression for the potential energy we calculate the virtual work curr produced by the current-induced torque curr , curr = curr ⋅ , in a process of quasistatic rotation around the axis by a small angle . The infinitesimal variation of the Néel vector, , is related with the rotation angle as follows:
(0) � and using the explicit expression for the torque we obtain:
Using further Eq. (1) we ultimately arrive at the expression for the current-induced potential energy density: 
Current-induced energy splitting and ponderomotive force
In this section we calculate the splitting of the effective magnetic anisotropy energy = ma + curr for two different equilibrium orientations of the Néel vector, A and B , corresponding to two equivalent domains (see Fig. 3 in the main text) . The magnetocrystalline anisotropy per unit volume of an easy-plane antiferromagnet is modeled as:
where the constants ∥ and ⊥ describe the out-ofplane and in-plane anisotropy fields, and the axis ̂ is perpendicular to the easy plane. The explicit expression for the dimensionless function ( , ) depends on the symmetry of the antiferromagnet. For the analytical calculations we assume that ∥ ≫ ⊥ , curr .
The spin current polarization can be decomposed into the out-of-plane, ̂, and in-plane, ⊥ , components. 
Minimization of the effective magnetic anisotropy energy (n) with respect to the component gives ≈ curr̂⋅ ( ⊥ × A,B )/ 2∥ . By substituting this expression into Eqs. (5) and (6), we can get the expression for the effective energy as a function of the in-plane component of the Néel vector:
where parametrizes in-plane component of the Néel vector, ≈ cos , ≈ sin and we assumed that ⊥ || � . Eq. (6) shows that the effect of the current is analogous to the effect of the field which induces an additional uniaxial anisotropy within the easy plane. The angular dependence of the energy ( ) calculated for the tetragonal easy plane antiferromagnet with ( , ) = ( 4 + 4 )/ 4 is shown in Figure S7 .
In the general case, the difference between the two energy minima corresponding to A and B domains is described by expression:
According to Eq. (8), the favorable domain is the one with the larger projection of the Néel vector on the current direction.
Spin-current induced forces acting on the domain wall
In this section we derive the explicit expressions for the forces acting on a single domain wall. We assume that the domain wall is flat, of Néel type, and we calculate the force per unit area. where:
Decomposing into in-plane ⊥ and out-of-plane ̂c omponents and using Eqs. (5, 8) and the considerations above, we represent the current-induced force curr = pond + DW as a sum of the ponderomotive force pond ≡ ( A ) − ( B ) and the chirality-dependent force: ⊥ =0.012 T. [10, 11] 
